The product of the Escherichia coli secB gene is required for efficient export of proteins across the cytoplasmic membrane. The studies described in this report show that in wild-type growing cells, SecB protein associates with precursor forms of exported proteins, such as the periplasmic maltose-binding protein (MBP) and the outer-membrane proteins LamB and OmpA. In contrast, the cytoplasmic protein 13-galactosidase was not found in association with SecB. Pulsechase analysis showed that the SecB-precursor MBP complex was short lived, as expected for a complex that represents an intermediate in the protein-export pathway. The results support the hypothesis that SecB protein associates with exported protein precursors in the cytoplasm and dissociates prior to or during translocation of precursors across the cell membrane.
Protein translocation across biological membranes involves the participation of a signal sequence, usually at the amino terminus of the translocated protein, and a collection of cellular components that form a translocation apparatus (1, 2) . For translocation across the mammalian endoplasmic reticulum, the cellular components include a soluble protein-RNA complex termed "signal recognition particle" and a number of endoplasmic reticulum membrane proteins (3) .
Several findings indicate that the Escherichia coli secB gene (4) encodes a component of the bacterial translocation machinery. Insertion of a transposon, TnO, within the secB codon for amino acid 4 of product SecB (5) completely eliminates synthesis of the normally cytosolic SecB protein (6) and causes a pronounced defect in the export of certain proteins, such as maltose-binding protein (MBP), across the cytoplasmic membrane (7) . Purified SecB enhances protein translocation across membranes in vitro (6, 8) , and recent work has revealed that SecB is the active component of the 12S export complex (M. Watanabe and G. Blobel, personal communication), a complex that was previously shown to stimulate protein translocation in vitro (9) .
The secB: :TnS mutation caused an increase in the amount of intracellular folded precursor to MBP (pre-MBP) (10) . Intracellular folding of pre-MBP into a tightly folded, protease-resistant conformation has been shown to be correlated with its incompetence for export (11) . The secB::Tn5 mutation had a similar effect on the folding of pre-MBP after in vitro translation (8) . Therefore, SecB protein is one of the cellular components that influences the conformation of pre-MBP. Other proteins, such as trigger factor (12) , GroEL (13) , or other E. coli heat shock proteins, by analogy with the yeast heat shock proteins (14, 15) , may also associate with intracellular precursors and affect their conformation.
In addition to affecting pre-MBP conformation, the secB::Tn5 mutation abolished translocation and processing of pre-MBP nascent chains (10) . The 
MATERIALS AND METHODS
Materials. Sources for the materials were as described (10) .
Anti-LamB and anti-/-galactosidase antisera were the gifts of T. Silhavy and R. Isberg, respectively.
Strains. All strains were derivatives of the Escherichia coli K-12 strain MC4100 (F-AlacU169 araD139 rbsR rpsL thiA relA). The following strains were used for these studies: MM149 (MC4100 zhe::TnlO malT9, MM152 (MM149 secB::TnS), CK2010 [MC4100 recAl (Ap malE-lacZ 7247)], CK2054 [MM149 recAl (pSK104 (lacZ+)]. MM149 and MM152 (7), Ap7247 (16) , and pSK104 (17) have been described.
Preparation of Antisera. OmpA protein was extracted as described (18) from an overproducing strain (19) and was purified by preparative NaDodSO4/polyacrylamide gel electrophoresis and electroelution (ref. 6 ; P. Gannon and unpublished data). MBP was purified by affinity chromatography (20) and denatured with NaDodSO4. SecB protein was purified as described (6) except that electroelution was performed with an International Biotechnologies electroelutor. Immunization of rabbits with the above proteins was as described (6) . Anti-SecB antiserum was absorbed with an extract of cells that did not produce SecB protein.
Growth of Bacterial Cells, Labeling, and Affinity Chromatography. Cells were grown to a density of 2-3 x 108 cells per ml at 30'C in M63 medium as described (10) . For the malE-lacZ strain, maltose was added 2 hr before labeling; for the lacZ' strain, isopropyl f3-thiogalactoside was added. The cells were labeled at 300C with 60 gCi (1 Ci = 37 GBq) of [35S]methionine per ml (90 nM) for 15 sec, converted to spheroplasts, and extracted as described by Randall and Hardy (11) . For chase experiments, the concentrations of unlabeled methionine and carbonyl cyanide m-chlorophenylhydrazone (CCCP) were as described (11) . The extract was applied to a column (0.1-ml bed volume) of protein ASepharose (Pharmacia) without antiserum to remove material that bound nonspecifically to the matrix, and the flowthrough was collected and used for chromatography.
For competition experiments, purified SecB protein (2) (3) ,ug) prepared as described (6) Chromatography was performed at 40C. Anti-SecB antiserum was applied to a protein A-Sepharose column (0.1-ml bed volume) in binding buffer (0.05 M Tris HCl/0.15 M NaCl, pH 8.6). After a brief incubation, the column was washed, the extract of cells was applied, and flow-through was collected. The column was washed with 0.5 ml of phosphate-buffered saline, the flow-through was collected, and all flow-through material was pooled, yielding the unbound fraction. The columns were washed with 2 ml of phosphate-buffered saline containing 0.5% Tween 20 . Elution was achieved with 0.2 ml of NaDodSO4 buffer (0.5% NaDodSO4/12.5 mM Tris HCl, pH 8/0.5 mM EDTA), heated to 950C, followed by 0.3 ml of 10 mM Tris'HCI, pH 8/0.5% Tween 20 at room temperature, yielding a 0.5-ml sample of bound material.
For the experiment shown in Fig. LA , the labeled cells were extracted as above, the extracts were centrifuged at 90,000 rpm (438,000 x g,,,,,) in the Beckman TL100.3 rotor for 20 min, and the supernatant fraction was used for chromatography. The detergent wash after sample binding was omitted.
For immunoprecipitations, the unbound fraction was subjected to immunoprecipitation after trichloroacetic acid precipitation as described' (10) except that protein A-Sepharose was used to collect the immunoprecipitates. A portion of the bound fraction was diluted with 2 vol of buffer I (50 mM Tris-HCl, pH 8/150 mM NaCl/1 mM EDTA/2% Triton X-100), antibody was added, and immunoprecipitates were collected as above. For calculation of percent bound, fluorograms were scanned with an LKB densitometer, and the amount of pre-MBP recovered in the bound fraction was divided by the total recovered pre-MBP.
The cell fractionation was performed by pulse-labeling cells for 15 sec as above, and releasing the periplasmic fraction with lysozyme and EDTA as above. Spheroplasts were collected by centrifugation in an Eppendorf microcentrifuge model 5414 for 40 sec, and the supernatant was designated the periplasmic fraction. Spheroplasts were extracted as above, and the extract was layered over a cushion of0.5 M sucrose/50 mM Tris-HCl, pH 7.5, and centrifuged in a TLA 100.2 rotor at 90,000 rpm (353,000 x g.,,) for 25 min.
A portion of the supernatant of this centrifugation was designated the cytoplasmic fraction. Both periplasmic and cytoplasmic fractions were concentrated by trichloroacetic acid precipitation and resuspended in NaDodSO4 gel sample buffer (10) .
Electrophoresis. NaDodSO4/polyacrylamide gel electrophoresis by the method ofLaemmli, fluorography, and partial proteolysis were as described (10) .
RESULTS
Association of SecB Protein with pre-MBP Species. A complex composed of SecB and an exported protein precursor might be expected to be short lived. Therefore, the first experiments were conducted with cells in which protein export had been blocked by induction ofthe lethal malE-lacZ 72-47-encoded hybrid protein (16) . Induction of the synthesis of this protein causes a pleiotropic defect in protein export, and precursors of many proteins accumulate intracellularly (16) . Such precursors might be associated with components of the export apparatus. If this were true, then association of SecB protein with the precursor of the normally periplasmic MBP would cause pre-MBP to bind to an anti-SecB antibody affinity column.
Synthesis of the MalE-LacZ hybrid protein was induced, and cells were labeled with [35S]methionine for 15 sec. After lysis of spheroplasts in the presence of EDTA, the extract was clarified by centrifugation. The supernatant was divided and applied to columns containing anti-SecB antibody bound to protein A-Sepharose (anti-SecB columns) in the presence or absence of an excess of purified SecB; bound proteins were eluted with NaDodSO4 buffer. Immunoprecipitation with anti-SecB antiserum, or Western blot analysis, showed that most of the intracellular SecB bound to the anti-SecB column in the absence of competitor (data not shown).
To detect bound pre-MBP, the unbound and bound fractions were immunoprecipitated with anti-MBP antiserum as described and were analyzed by NaDodSO4/polyacrylamide gel electrophoresis followed by fluorography. Of the total pre-MBP, 47% was recovered in the anti-SecB-bound fraction (Fig. L4, lanes a and b; Table 1 (B) Extract was applied to the column without clarification. After chromatography, MBP species were immunoprecipitated and analyzed by NaDodSO4/polyacrylamide gel electrophoresis and fluorography. For each sample, MBP species that failed to bind to the column are shown to the left of MBP species that bound. Samples in A were: CK2010 (secB+ malE-lacZ), applied to anti-SecB column (lanes a and b); CK2010, applied to anti-SecB column in the presence ofexcess SecB (lanes c and d); MC4100 (secB+), applied to anti-SecB column (lanes e and f); MC4100, applied to anti-SecB column in the presence of excess SecB (lanes g and h). Samples in B were: MM149 (secB+ mal~l), applied to anti-SecB column (lanes a and b); MM149, applied to anti-SecB column in the presence of excess SecB (lanes c and d); MM152 (secB::TnS malTc), applied to anti-SecB column (lanes e and f); MM149, after a 30-sec chase with nonradioactive methionine, applied to anti-SecB column (lanes g and h); and MM149, after a 30-sec chase with CCCP and nonradioactive methionine, applied to anti-SecB column (lanes i and j). SecB protein was added before anti-SecB chromatography (Fig. LA, lanes c and d) , the binding of pre-MBP was reduced to 12% of the total. Therefore pre-MBP bound specifically to the anti-SecB column, indicating that a pre-MBP-SecB complex was present when export was blocked. When the same experiment was performed with wild-type cells, the MBP species that were found in the anti-SecB bound fraction appeared as a smear of molecular weights (Fig. 1A, lanes e and f) , which were subsequently shown to be pre-MBP nascent chains. An unusual band, termed "X," was also observed and was shown to be a pre-MBP derivative (see below). The clarified extract contained %20%o ofthe total cell-associated pre-MBP (data not shown).
To determine whether the intracellular extract of wild-type cells contained MBP species that were not associated with SecB, chromatography of crude extracts that were not clarified was performed. Immunoprecipitation revealed that 28% of the recovered pre-MBP was obtained in the anti-SecB bound fraction (Fig. LB, lanes a and b; Table 1 ). These results suggest that most of the SecB complexes were soluble because, in the previous experiment, a similar percentage of total pre-MBP was found in the soluble fraction. When excess SecB was present during chromatography (Fig. 1B,  lanes c and d) or when a secB::TnS cell extract was applied to an anti-SecB column (Fig. 1B, lanes e and f) (Fig.  1B, lanes g and h) , consistent with rapid turnover of the SecB-pre-MBP complexes. After 60 sec of chase with nonradioactive methionine, pre-MBP species had almost completely been chased out of the anti-SecB unbound fraction (data not shown). When CCCP was added during the chase period to block export, some of the SecB-pre-MBP complexes were trapped (Fig. 1B, lanes i and j) , showing that the complexes were sufficiently stable to remain detectable in the absence of export. Export of some of the labeled pre-MBP species probably occurred before export was completely blocked by the CCCP treatment, accounting for the decrease in intracellular labeled pre-MBP. These results are consistent with the hypothesis that SecB associates with pre-MBP species and then dissociates prior to or during translocation of the protein across the membrane.
To demonstrate that the material termed "X" and the smear of radioactivity seen in the anti-SecB bound fractions represented MBP species, samples were subjected to partial proteolysis in a second dimension, and peptides produced from full-length pre-MBP and other species were analyzed. Fig. 2 shows analysis of the samples displayed in Fig. LA , lanes e-h. The characteristic amino-terminal peptide (designated N in Fig. 2 ) is clearly visible, showing that nascent chains, exhibiting first-dimension mobilities greater than pre-MBP but containing peptides identical with those of pre-MBP, were present in the various fractions. The similarities in peptide patterns clearly showed that X was also an MBP derivative. The amino-terminal peptide obtained from X comigrated with the amino-terminal peptide of pre-MBP, demonstrating that their amino termini were identical. When the cells were pulse-labeled and then chased with unlabeled methionine and CCCP for 30 sec, X was less prominent (Fig.   1B, lane j) , and after 1 min, X was no longer observed (data not shown). Therefore, X is most likely a translation intermediate, possibly a peptidyl tRNA species.
The detection methods used in these experiments relied on immunoprecipitation, and the smallest nascent chains that were efficiently precipitated appeared to be approximately 25 kDa. Therefore, the minimum size of an MBP nascent chain that was capable of associating with SecB could not be determined.
Association of SecB with Exported and Cytoplasmic Proteins. The results ofthe above experiments showed that SecB associated with pre-MBP species. To determine the specificity of SecB association, total binding to the anti-SecB column was analyzed and the binding of additional proteins was characterized by immunoprecipitation. After pulselabeling for 15 sec, secB+ cell extracts were chromatographed as described in Fig. 1B ; the bound proteins are displayed in Fig. 3A , lane b. When excess SecB was present during chromatography, binding of most of the radioactive material was reduced by competition (Fig. 3A, lane a) . In addition, after pulse-labeling and chasing with nonradioactive methionine for 30 sec (Fig. 3A, lane c) (10) , peptides were analyzed by NaDodSO4/polyacrylamide gel electrophoresis and fluorography. Migration in the first dimension was from left to right. Samples from left to right were: MC4100 (secB+) extracts shown in Fig. LA, lanes e, f, g , and h. First-dimension mobilities ofX, pre-MBP (P), and mature MBP (M) are indicated. UNBD, material that failed to bind to the affinity column; BOUND, material that bound to affinity column; N, pre-MBP amino-terminal peptide. results are consistent with the hypothesis that the association of bound proteins with SecB was transient. For comparison, labeled proteins from the equivalent amount of cells were analyzed after fractionation of pulse-labeled cells as described. Numerous radioactive bands were present in the cytoplasmic fraction (Fig. 3A , lane e; particularly in the size range above 66 kDa and below 31 kDa) that were absent from the anti-SecB bound fraction. Binding to the column at the level obtained with pre-MBP would have been readily detectable because the exposure time for the fluorogram of the bound fraction was longer. Therefore, the anti-SecB bound fraction does not contain an equal representation of all intracellular proteins.
To demonstrate the presence of exported protein precursors in the bound fraction, immunoprecipitation was used to characterize the binding of OmpA precursors, LamB precursors, or ,-galactosidase to the anti-SecB columns. OmpA and LamB are outer-membrane proteins whose export is defective in secB::TnS mutant strains (7, 21) , and ,B-galactosidase is a cytosolic protein.
Wild-type or secB: :TnS cells were pulse-labeled for 15 sec and extracted and analyzed as in Fig. 1B . After chromatography, fractions were immunoprecipitated with anti-OmpA antiserum (Fig. 3B, lanes a-f) , anti-LamB antiserum (Fig.  3B, lanes g-l) , or anti-(3-galactosidase antiserum (Fig. 3B,  lanes m and n) . Binding ofOmpA species (Fig. 3B, lanes a and  b) and LamB species (Fig. 3B, lanes g and h) was observed when secB+ extracts were chromatographed on an anti-SecB column. The addition of excess SecB caused a substantial decrease in binding of OmpA and LamB species (Fig. 3B,  lanes c, d, i, andj) . When the labeled extract did not contain SecB protein, no binding of OmpA or LamB species was observed (Fig. 3B, lanes e, f, k, and 1) . In contrast, the cytoplasmic protein 8-galactosidase did not bind to the anti-SecB column (Fig. 3B, lanes m and n) . The results ofthis analysis were consistent with the interpretation that SecB protein associates with exported protein precursors.
DISCUSSION
These results showed that precursor forms of several exported proteins, MBP, OmpA, and LamB, associated with SecB. In contrast, the cytoplasmic protein 83-galactosidase did not associate with SecB, and the bulk of cytoplasmic proteins did not associate. Since previous results showed that SecB is involved in protein export (6) (7) (8) , the simplest hypothesis is that the proteins associated with SecB represent a collection of exported protein precursors. However, the data do not rule out the possibility that a specific subset of cytosolic proteins may also associate with SecB. For example, certain cytosolic proteins might require the activity of SecB to prevent them from folding and permit them to assemble into a complex. Pulse-chase analysis showed that most of the material that was associated with SecB was quickly lost from the anti-SecB bound fraction, suggesting that the SecB complexes were transient intermediates.
Rapid SecB-independent export of certain proteins, such as ribose-binding protein, can occur in secB null mutants (7, 22) . Despite the fact that SecB is not essential for its export, precursor forms of ribose-binding protein were observed in anti-SecB bound fractions (unpublished observations). Therefore, the normal role of SecB in export may be quite general. The MBP mature sequence determines its dependence upon SecB for export (22) and may specify folding intermediates that form while the chains are nascent, obscuring the signal sequence or interfering with translocation. Analogous folding of ribose-binding protein nascent chains may not occur.
The intracellular extract contained mature MBP, and some of the MBP was found in the anti-SecB bound fraction. Previous studies showed that the mature MBP obtained in a spheroplast lysate was unfolded (protease sensitive) and remained unfolded during a chase in the presence of CCCP (10). These observations are consistent with the interpretation that these molecules are intermediates in the translocation process rather than incompletely released periplasmic material. The mature MBP could be derived from transmembrane molecules that had their signal sequences removed immediately before or during extract formation, and SecB may remain associated with such molecules.
In an independent study, Watanabe and Blobel showed that a truncated form of pre-MBP (23) formed a complex with purified SecB in vitro (M. Watanabe and G. Blobel, personal communication). These results and the results presented in this report support the hypothesis that SecB is a cytosolic factor that associates with exported protein precursors and then dissociates prior to or during translocation of the protein across the membrane. In a general sense, SecB may be analogous to the mammalian signal-recognition particle (3), which is also a cytosolic complex that associates with nascent forms of secreted proteins.
In contrast to signal-recognition particle, several findings suggest that SecB interacts with the mature sequence of exported proteins. A point mutation that inactivated the signal sequence did not eliminate SecB association with pre-MBP (unpublished observations) and did not prevent membrane targeting of the mutant pre-MBP (24) . These results are consistent with the blockage in the export of LamB derivatives with signal sequence mutations that was caused by a secB null mutation (25) . Also, export-defective MBP derivatives appear to interfere with normal protein export by depleting the cellular SecB pool (21) . MBP derivatives that totally lacked the signal sequence were capable of interfering with normal protein export, suggesting that SecB protein may bind to the mature portion of MBP.
In the absence of SecB, 75% of the intracellular pre-MBP was unfolded. However, the unfolded pre-MBP was not exported with the normal rapid kinetics (10) . These data suggest that, in addition to its effects on precursor conformation, SecB performs a second function that enhances the rate of protein export.
Note Added in Proof. Recent studies have shown that purified SecB forms complexes with the purified precursor proteins pro-OmpA and pre-PhoE (26), consistent with the results reported in this communication.
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